Glycine-activated single-channel currents in rat central neurones were recorded using the outside-out mode of the patch-clamp technique. The unitary conductance of the current was 21 pS. The current evoked by 10 M glycine had a mean burst duration of 47.8 (2.6) ms and open probability of 0.09 (0.016). Halothane (1 mM) increased the open probability to 0.19 (0.03) without changing either unitary conductance or burst duration. These results suggest that halothane increased the open probability via an increase in the affinity of the receptor for the agonist. Potentiation of the glycine response may reduce excitability of postsynaptic neurones and may contribute to general anaesthesia produced by volatile agents. (Br.
Volatile anaesthetics at clinical concentrations affect the efficacy of neurotransmitter-activated channels and modify the transmission at synapses in the central nervous system; these actions may contribute to production of the state of anaesthesia in humans and in animals. 1 Excitatory postsynaptic responses, such as muscle and neuronal nicotinic acetylcholine responses 2 3 and glutamate responses, 4 are reduced by volatile anaesthetics. Inhibitory amino acid responses, namely, the ␥-aminobutyric acid (GABA)-or glycine-induced chloride currents are augmented by these agents. 4 The glycine receptor belongs to a superfamily of fast neurotransmitter-gated receptor channels and glycine is the major inhibitory transmitter in the spinal cord and brain stem. In a review by Betz the existence of glycine receptors in many higher brain regions, such as cerebral cortex, hippocampus, thalamus, colliculi and brain stem 5 has been described. Single-channel data are not available for the effects of volatile anaesthetics on the glycineactivated channel, although the effects of these agents on acetylcholine-activated channels and GABA-activated channels have been extensively examined at the single-channel level. 2 6 In the present study we examined the effects of halothane on glycine-activated single-channel currents in outside-out membrane patches of rat central neurones and showed that halothane increased the open probability of the channel without changing unitary conductance.
Methods and results
Wistar rats (12 to 18 days old) were decapitated under ether anaesthesia and transverse slices of the brain stem cut to a thickness of 350 m using a microslicer (DSK, model DTK-1000, Japan). The slices were incubated in a normal external solution containing 10 000 U ml 91 Dispase (Godo Shusei Co. Ltd, Japan) for 1 h at 31ЊC. Thereafter, the nucleus tractus solitarius was micropunched from the slices and the neurones dissociated mechanically with a fire-polished Pasteur pipette. Dissociated neurons adhered to the bottom of the culture dish (Falcon 3801, Japan) within 1 h. We used neurons with dendritic processes in all experiments. The ionic composition of the external solution was (in mM): NaCl 150, KCl 5, MgCl 2 1, CaCl 2 2, glucose 10, N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) 10. The pH was adjusted to 7.4 with Tris (hydroxymethyl) aminomethane base (Tris-base). The intrapipette solution was composed of (in mM): K-gluconate 70, KCl 50, NaCl 30, MgCl 2 1, ATP Mg 2, CaCl 2 0.5, ethylene glycol-bis (-aminoethylether)-N,N,NЈ,N-tetraacetic acid (EGTA) 5, HEPES 10. The pH was adjusted to 7.2 with Tris-base. The Cl 9 concentration in the external and intrapipette solutions was 161 and 83 mM, respectively, and the activity 125 and 61 mM; these were measured with an F1012Cl Cl 9 electrode connected to an ION 85 Analyser (Radiometer A/S, Copenhagen, Denmark) at 25ЊC in a black beaker. From the Cl 9 activities, the equilibrium potential for Cl 9 is calculated to be 918 mV. Electrical recordings were performed using the outside-out configuration of the patch-clamp technique, using a patch-clamp amplifier (EPC 7, List Medical, Germany). The resistance of the circuit between the recording electrode filled with the intrapipette solution and the reference electrode was 4-8 M⍀. Current and voltage were monitored on a storage oscilloscope (R5113, Tektronix, USA) and recorded with a pen-recorder. Glycine and halothane were applied to the external surface of the membrane patch using the "Y-tube" method. 4 Drugs were directly dissolved in the external solution just before use. Commercially available halothane is stabilized by adding thymol at 0.01%. To obtain a halothane concentration of 1 mM at room temperature, 0.13 M thymol is required. Thymol itself at this concentration did not affect the current as reported previously. 4 All experiments were performed at room temperature (23-25ЊC).
Before making an outside-out patch, the neurone was voltage-clamped at 960 mV in the whole cell mode and glycine applied to check the presence of the glycine receptor-chloride channel complex in the cell membrane. After formation of an outside-out membrane patch, the intrapipette potential was held at 960 mV throughout and 10 M of glycine was perfused onto the external surface of the membrane. Glycine evoked single-channel currents with a unitary amplitude of 0.9 pA (fig. 1A) . The average amplitude with five patches was 0.9 (0.1) pA (mean (SD)). This amplitude and the driving force of 42 mV (60-18 mV) allow an estimation of the singlechannel conductance of about 21 pS, which lies in the reported range of conductance in cell-attached patches for cultured spinal neurones. 7 Halothane markedly increased the opening of the channel, without affecting the unit amplitude ( fig. 1B) . Assuming four channels in the patch in fig. 1 (four channels were open simultaneously), the open probability was 0.07 in the control. Halothane increased the open probability to 0.14 ( fig. 1B) . In five experiments, the open probability was increased significantly from 0.09 (0.016) to 0.19 (0.03) by 1 mM halothane (Student's t-test; P : 0.01).
In the present study, we used paper records with a cut-off frequency of about 100 Hz. The open time, therefore, means the burst duration of the opening. Figure 1C and fig. 1D illustrate the burst duration histogram with a bin width of 20 ms. In the control, the mean burst duration was 46 ms, which was not changed by halothane (1 mM). With five patches, the mean burst duration was 47.8 (2.6) ms in the control. Halothane did not affect the burst duration (49.5 (2.9) ms), reflecting an increased frequency of bursting.
Comment
We have shown for the first time at the single-channel level that a volatile anaesthetic, halothane, increased the open probability of the glycine-activated channel without changing the unitary conductance. Although new volatile anaesthetics, such as isoflurane, sevoflurane and desflurane, have been successfully used in clinical practice in recent years, halothane still seems to be considered as a model volatile anaesthetic. The concentration of halothane used in the present study (1 mM) is higher than that attained at minimum alveolar concentration (MAC) for the agent. In whole-cell experiments with dissociated neurones, the chloride current induced by 20 M glycine was increased by halothane in a dose-dependent manner up to 2.7 fold (at 2 mM), 4 and in the present study the open probability was doubled. It may, therefore, be reasonable to suggest that halothane around MAC increases the open probability of the channel.
The consistency of the burst duration is in accordance with the idea that halothane increased the affinity of the glycine receptor for the agonist. This notion is supported by the parallel leftward shift of the glycine concentration-response curve of the whole-cell current that was described in dissociated rat central neurones and in recombinant glycine receptors. 4 8 A similar action of diazepam on the GABA A receptor, reported by Twyman and colleagues, showed that diazepam made the GABA-evoked burst more frequent without changing its duration. 9 The authors further described that phenobarbital prolonged the burst duration without altering the frequency, thereby suggesting that phenobarbital stabilized the open burst state via binding to a different modulatory site at or near the chloride channel. For the interaction of halothane with the GABA receptorchloride channel complex, Yeh and colleagues suggested that halothane affected the gating mechanism of the channel, on the basis of the finding that the anaesthetic at 4 MAC increased the burst duration and the open probability of the channel in cultured dorsal root ganglion neurones of the rat. 6 In conclusion, the present single-channel data show that the open probability of the glycineactivated channel of rat central neurones is potentiated by halothane, which may result from an increase in the affinity of the receptor for the agonist.
